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conditionAbstract The intention of this study is to examine the combined impacts of magnetic field and
convective boundary state on bioconvection of a nanofluid flow along an expanding sheet
co-existed with gyrotactic microorganisms. The fundamental partial differential equations are
reduced to a set of nonlinear ordinary differential equations taking a guide of some appropriate sim-
ilarity transformations. The numerical fallouts are calculated by considering the bvp4c function of
Matlab. The impacts of magnetic field parameter, surface convection parameter, Eckert number
and Peclet number on non-dimensional velocity, nanoparticle concentration, temperature and den-
sity of self-moving microorganisms are interpreted through graphs and charts. The fluid velocity
near the surface and the Nusselt number is lessen with magnetic field. Surface convection parameter
enhances the self-moving microorganism flux but a reverse result is noticed for Peclet number. Also,
the contrast between the present results with formerly visited outcomes is in excellent harmony.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Bioconvection is the unprompted configuration of macroscop-
ical fluid patterns, such as declining plumes. There are mainly
two types of up swimming micro-organisms that are generallyapplied in bioconvection experiments: bottom-heavy algae and
firm oxytactic bacteria. The bioconvection structures created
by microorganisms are similar although, the mechanisms of
direction are different [1]. This guides to the development of
hydrodynamic instability under definite circumstances. The
motile micro-organisms are self-urged which enlarges the
denseness of the primary fluid by swimming toward a particu-
lar direction within the liquid in attraction to stimulus such as
oxygen, daylight, gravity whereas nanoparticles cannot swim.
The random motions of nanoparticles generate owing to
the Brownian and thermophoresis diffusion property and areyrotactic
2 T. Chakraborty et al.carried by the drift of the primary fluid. Nanofluids have sig-
nificant usage in micro fluidic devices since they are very help-
ful for mass transport enhancement and induce mixing,
especially in micro volumes. Sheikholeslami and Ellahi [2]
observed the influence of non-uniform electric field on nano-
fluid in an enclosure with sinusoidal upper wall. Effect of ther-
mal radiation on nanofluid using two phase model was
analyzed by Sheikholeslami et al. [3]. A sensitivity analysis is
done by Akbarzadeh et al. [4] on thermal and pumping power
of nanofluid. The thought of bioconvection of nanofluid with
gyrotactic microorganisms was pioneered by Kuznetsov [5].
Usually, bioconvection in nanofluids arises when the concen-
tration of nanoparticles is small ð6 1%Þ therefore, the viscous
property of the primary fluid does not alter significantly. For
practical purpose, at fundamental level, the nature of suspen-
sions carrying both nanoparticles and self-swimming microor-
ganisms in microsystems must be understood. One of the
popular applications of bioconvection in bio-microsystems is
the improvement of mass transport capability and mixing
[6,7]. There is also important potential in applying nanofluids
in various bio-microsystems, namely the optimization of cellu-
loses production, enzyme biosensors [8], chip-shaped micro-
devices using to evaluate toxicity of nanoparticles [9] and
provocative response of the lung to silica nanoparticles [10]
and Kuznetsov with Avramenko [11] first introduced the bio-
convection problem containing tiny solid particles as well as
gyrotactic microorganisms. The idea of Kuznetsov and Avra-
menko [11] has been implemented by several new researchers
[12–19] in bioconvection of nanofluid flow with gyrotactic
microorganisms. Xu and Pop [20] encountered a mixed con-
vection situation of a nanofluid caring both gyrotactic
microorganisms and nanoparticles.
The work on magnetic impacts has important applications
in mechanical engineering as well as in physics. Much equip-
ments for example, the magnetohydrodynamic generators,
pumps, bearings, and the boundary layer monitoring in the
field of aerodynamics, thermal insulators, and micro-
electronic devices are influenced by the interaction between
the electrically transit fluid and a magnetic flux. There are
abundant amount of research works present on the impact
of magnetic field on the boundary region flow and heat diffu-
sion of primary fluid as well as for nanofluid with different
flow situations but, some of the recent research works with
magnificent applications are referred here ([21–25]). The influ-
ence of magnetic flux on nanofluid flow is effectively observed
in biomedical engineering such as nanoparticles are treated as
delivery medium for cancer treatment procedure. Such
nanoparticles can be traveled in the bloodstream applying
magnetic field outwardly to the frame. Kandelousi and Ellahi
[26] examined the simulation of ferrofluid flow for magnetic
drug targeting. MHD nanofluid flow containing carbon nan-
otubes suspended in a salt water solution was studied by Ellahi
et al. [27]. In several situations where an enhancement in heat
transport usefulness can be advantageous to the quality, quan-
tity and the cost of a product or process, nanofluids work
effectively coexisting with magnetic field. In accordance with
the author, a plenty of studies ([28–31]) have so long been in
circulation on the boundary region flow along with heat trans-
port in a nanofluid along an expanding surface in coexistence
of external magnetic flux.
It is noticed from the prior research works that the bound-
ary circumstances are considered in the fluid flow situations arePlease cite this article in press as: T. Chakraborty et al., Framing the impact of exte
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heat flow. In most of the situations for simplicity the depen-
dency relation between the surface heat diffusion and surface
temperature is assumed to be linear. The conjugate convective
flow is the state by means of Newtonian heating where the heat
is supplied to the fluid through a surrounding surface. In this
state the speed of heat transmission through a given region is
proportional to the variation of wall temperature and the
ambient condition. The different boundary layer flow prob-
lems coexisting convective boundary situation were faced by
Aziz [32], Ishak [33] and Makinde and Aziz [34], and Aziz
and Khan [35]. Of late, the nanofluid flow along an expanding
surface coexistence with convective boundary conditions was
analyzed by Das et al. [36].
The aim of this approach is to offer a new type of pri-
mary fluid comprising nanoparticles and gyrotactic microor-
ganisms coexistence of magnetic field, viscous dissipation
along with convective boundary situation. It is hoped that
the present work will serve as a stimulus for needed experi-
mental work on this problem. The model offers design guide-
lines for the development of healthy production of fertilizer
and polymer substances. The remaining work is designed as
follows: the mathematical formulations of the fundamental
equations along with boundary conditions are derived in seg-
ment 2; numerical procedure is narrated in segment 3; the
fallouts of numerical solutions and discourses are given
through segment 4 and finally ultimate comments are drawn
in segment 5.
2. Mathematical formulation
Here, we consider a nanofluid where the primary liquid is
water, comprising electrically conducting nano solid particles
and gyrotactic microorganisms. We suppose that the suspen-
sion of nano solid particles to be static and does not tend to
conglomerate within fluid medium. It is also assumed that
the presence of nanoparticles does not possess any effect on
the swimming route as well as on the velocity of swim of
microorganisms. This hypothesis is defensible only when
nanoparticles concentration is lesser than 1%. So, for biocon-
vection stability, it is assumed that the suspensions of nano
solid particles are diluted in the liquid medium. A coordinate
is framed having the starting point at the bottom corner of this
sheet, where the x – axis remains upright and the y – axis
stands perpendicular to the vertical. The motion of nanofluid
extends to y > 0. Two similar forces are applied to x – axis
but from opposite directions such that the sheet is expanded
maintaining the origin fixed as shown in Fig. 1. The expanded
plate shifts along its surface with the stretching velocity
uw ¼ ax with ‘‘a” as a positive constant. A lateral magnetic flux
with uniform potency B0 is implemented perpendicularly to the
plate. It is to be regarded that there is no prevalence of out-
wardly implemented electric field. Magnetic Reynolds number
is negligible; therefore, the internal magnetic flux is inconsider-
able compared to outwardly implemented magnetic flux.
Under the above stated considerations, the fundamental equa-
tions can be gained from model projected by Xu and Pop [20]
as follows:
@u
@x
þ @v
@y
¼ 0; ð1Þrnal magnetic field on bioconvection of a nanofluid flow containing gyrotactic
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Figure 1 Flow configuration and coordinate system.
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The components of velocity along with x and y -axis are u
and v respectively; the base liquid is taken up to be water of
denseness qf; qp represents the density of the nanoparticles;
qf1 denotes the denseness of the primary fluid at far field; b
symbolizes the volume growth coefficient of the primary fluid;
a denotes thermal diffusivity; C stands for the nanoparticles
volume fraction while its ambient value is C1;U1 is recognized
as the velocity of the unrestricted flow; the electrical conductiv-
ity is referred by r; s ¼ ðqcÞp=ðqcÞf describes the proportion
between the effectual heat capability of the nanoparticles and
base liquid; the Brownian diffusion coefficient is denoted by
DB; DT is referred to as the Thermophoretic diffusion coeffi-
cient; T conveys the temperature of the nanofluid near the wall;
T1 represents the temperature of the ambient fluid beyond the
boundary region; m signifies the kinematic coefficient of viscos-
ity; the standard volume of a microorganisms is referred by f;
Dq refers the difference of density between a cell and a primary
fluid; N stands for the local denseness number of the dynamicPlease cite this article in press as: T. Chakraborty et al., Framing the impact of exte
microorganisms with convective boundary conditions, Alexandria Eng. J. (2016), hmicroorganisms; Dm symbolizes the diffusivity of microorgan-
isms; b explains the chemo taxis constant and Wc exemplifies
the utmost swimming speed of microorganisms; cp is recognized
as specific heat because of constant pressure and g symbolizes
the acceleration owing to gravity.
Here, we suppose that the underneath surface of the plane
is heated owing to convection from a warm fluid kept at a con-
stant temperature Tw which offers a heat transport coefficient
hw. Thus the proper physical ambit conditions near the bound-
ary region as well as at the distant field may be written as
follows:
uw¼ ax;v¼ 0;jnf @T@y¼ hwðTwTÞ;DB @C@yþ DTT1 @T@y¼ 0;
N¼Nw at y¼ 0
u!U1;T!T1;C!C1;N! 0 as y!1
9>=
>;; ð6Þ
Here Nw exemplifies the concentration of microorganisms
on the wall and jnf symbolizes the thermal conductivity of
the nanofluid.
To convert the partial differential system into ordinary dif-
ferential system, the non-dimension variables can be intro-
duced as,
g ¼ am
 1
2y; wðx; yÞ ¼ ðamÞ1=2xfðgÞ þ U1m
a
 1=2
sðgÞ;
hðgÞ ¼ TT1
TwT1 ; /ðgÞ ¼ CC1C1 ; wðgÞ ¼ NNw
)
; ð7Þ
In order to satisfy the equation of continuity the stream
function w takes the form u ¼ @w
@y
and v ¼  @w
@x
. Hence, the
forms u and v are
u ¼ axf 0ðgÞ þU1s0ðgÞ; v ¼ ðamÞ1=2fðgÞ; ð8Þ
Using (7) and (8) Eqs. (2)–(6) are transformed to
f 000 þ ff 00  ðf 0Þ2 Mf 0 ¼ 0; ð9Þ
s000 þ fs00  f 0s0 þ GrhNr/ RbwMðs0  1Þ ¼ 0; ð10Þ
h00 þNbh0/0 þNth02 þ Prfh0
þ PrEc ðf 00 þ As00Þ2 þMff 0 þ Aðs0  1Þg2
h i
¼ 0; ð11Þ
/00 þ Nt
Nb
h00 þ Lef/0 ¼ 0; ð12Þ
w00 þ Scfw0  Peð/0w0 þ w/00Þ ¼ 0; ð13Þ
fð0Þ ¼ 0; sð0Þ ¼ 0; s0ð0Þ ¼ 0; h0ð0Þ ¼ cf1 hð0Þg;wð0Þ ¼ 1;
f 0ð0Þ ¼ 1
Nb/
0ð0Þ þNth0ð0Þ ¼ 0; f 0ð1Þ ¼ 0; hð1Þ ¼ 0;/ð1Þ ¼ 0;
s0ð1Þ ¼ 1;wð1Þ ¼ 0
9>>=
>>;
;
ð14Þ
Here f represents the stream function without dimension
and the prime signifies differentiation in terms of g. f 0ðgÞ sym-
bolizes the velocity without dimension near the surface; s0ðgÞ
conveys the velocity at distant field without dimension; hðgÞ
stands for the temperature without dimension; /ðgÞ represents
the nanoparticle concentration without dimension; wðgÞ exem-
plifies the denseness of motile microorganisms without dimen-
sion and the parameters without dimension in Eqs. (9)–(14) are
indicated below:rnal magnetic field on bioconvection of a nanofluid flow containing gyrotactic
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aqf
signifies the Magnetic field parameter;
Gr ¼ ð1C1Þgbqf1ðTwT1ÞqfU1a refers the Grashof number;
Nr ¼ ðqpqf1ÞgC1qfU1a denotes the buoyancy-ratio parameter;
Rb ¼ fDqNwgqfU1a describes the bioconvection Rayleigh number;
Nb ¼ sDBC1a exemplifies the Brownian motion parameter;
Nt ¼ sDTðTwT1ÞaT1 indicates the thermophoresis parameter;
Pr ¼ ma stands for the Prandtl number; Le ¼ aDB conveys the tra-
ditional Lewis number; Sc ¼ mDm explains the Schmidt number;
Pe ¼ bWcDm is recognized for the bioconvection Peclet number;
Ec ¼ u2w
cpðTwT1Þ symbolizes the Modified Eckert number;
c ¼  hwjnf ðmaÞ
1=2
denotes the surface convection parameter and
A ¼ U1
uw
represents the ratio of between velocity of the fluid
at distance and close to the wall.f 0
s0
h0
/0
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0
3
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; ð20ÞIn Special case, when M ¼ 0 Eqs. (9) and (10) become Eqs.
(16) and (17) of Xu and Pop [20]. For Ec ¼ 0 Eq. (11) turns
into Eq. (18) of Xu and Pop [20]. By considering constant plate
temperature, the fallouts were discovered by taking a large
value of c i.e. c !1 in the boundary situation in Eq. (14)
which then gives the state hð0Þ ¼ 1 (isothermal state) same as
the boundary condition in Eq. (21) of Xu and Pop [20].
The parameters in which we are interested for our problem
are the reduced skin friction coefficient Cfx, the reduced Nus-
selt number Nux, the reduced wall mass flux Q

mx and the
reduced wall self-moving microorganisms flux Qnx.
The dimensionless form of Cfx, Nu

x, Q

mx and Q

nx are rep-
resented below:
Cfx ¼ Re1=2x Cfx ¼
x
L
 	2
f 00ð0Þ þ x
L
 	
s00ð0Þ; ð15Þ
Nux ¼ Re1=2x Nux ¼ h0ð0Þ; ð16Þ
Qmx ¼ Re1=2x Qmx ¼ 
/0ð0Þ
/ð0Þ ; ð17Þ
Qnx ¼ Re1=2x Qnx ¼ w0ð0Þ; ð18Þ
where L ¼ U1
a
denotes a reference length.Please cite this article in press as: T. Chakraborty et al., Framing the impact of exte
microorganisms with convective boundary conditions, Alexandria Eng. J. (2016), h3. Numerical procedure
Our motive is to obtain the outcomes of Eqs. (9)–(13) subject
to the boundary conditions (14). For this sake, first we convert
all these nonlinear equations to first order equation of higher
dimension as follows:
Z1 ¼ f 0;
Z2 ¼ s0;
Z3 ¼ h0;
Z4 ¼ /0;
Z5 ¼ w0;
Z6 ¼ f 00 ¼ Z01;
Z7 ¼ s00 ¼ Z02
9>>>>>>=
>>>>>>;
; ð19Þ
Introducing these new variables, Eqs. (9)–(13) are designed
in the matrix form as given below:Thus twelve variables ½f; s; h; /; w; Z1; Z2; Z3;
Z4; Z5; Z6; Z7 with twelve equations in Eq. (20) are obtained.
Now, the associated boundary conditions can be noted
down:
Z1ð0Þ ¼ 1
Z2ð0Þ ¼ 0
Z3ð0Þ ¼ cf1 hð0Þg
NbZ4ð0Þ þNtZ3ð0Þ ¼ 0
Z5ð0Þ ¼ Unknown
Z6ð0Þ ¼ Unknown
Z7ð0Þ ¼ Unknown
fð0Þ ¼ 0
sð0Þ ¼ 0
wð0Þ ¼ 0
9>>>>>>>>>>>>>>=
>>>>>>>>>>>>>;
; ð21Þ
We noticed that the primary conditions Z5ð0Þ, Z6ð0Þ and
Z7ð0Þ are unknown which are requisite to get the solutions
of (20). However, we still have some other boundary
conditionsrnal magnetic field on bioconvection of a nanofluid flow containing gyrotactic
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/ð1Þ ¼ 0;
wð1Þ ¼ 0;
Z1ð1Þ ¼ 0;
Z2ð1Þ ¼ 1
9>>>=
>>>;
; ð22Þ
This can be treated as an optimization problem where we
crack (20) with some primary guesses in (21) such that the
boundary conditions (22) are satisfied. It is notable that
g ¼ 15 convey the picture of g !1. To evaluate the solutions
of the nonlinear ODE (20) with conditions (21) and (22), the
following algorithm is set up:
Algorithm for formulation of function:
Input: q 2 R3
Output: t 2 R3
Function F ðqÞ
(1) Set the primary guesses of unknowns
Z5ð0Þ
Z6ð0Þ
Z7ð0Þ
2
4
3
5 ¼ q1q2
q3
2
4
3
5
(2) Solve (20) with the help of (21) using the values in
Step1 and obtain the values
½f ð15Þ; sð15Þ; . . . . . . . . . ; Z6ð15Þ; Z7ð15Þ
(3) Set the output values
t1
t2
t3
t4
t5
2
66664
3
77775 ¼
hð15Þ
/ð15Þ
wð15Þ
Z1ð15Þ
Z2ð15Þ
2
66664
3
77775
(4) Return t.
The above algorithm presents the way to formulate the
function FðqÞ. This can be evaluated for a given
q ¼ ½q1; q2; q3T which is set to the unknown of (21). Thus
(20) can be resolved and the output is t ¼ ½t1; t2; t3; t4; t5T.Figure 2 Velocity profile for various values of M.
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ODE solver ode15s. Now we inquire about the fallout of q
for which
FðqÞ ¼ 0; ð23Þ
which is a highly nonlinear equation. Eq. (23) is tackled using
Matlab trust-region reflective algorithm and generates the
unknown values Z5ð0Þ, Z6ð0Þ and Z7ð0Þ i.e.
w0ð0Þ; f 00ð0Þ and s00ð0Þ. These values are helped to crack Eq.
(20) subject to the primary conditions (21). Obviously the solu-
tions satisfy distant boundary conditions and their natures are
depicted in Figs. 2–14.
3.1. Testing the code
To examine the validation of the present code, a comparison
table is drawn with the available results of Table 2 of Xu
and Pop [20] for Nux, Q

mx and Q

nx with various values of Pr
and produced in Table 1. We have assumed the identical para-
metric conditions described by Xu and Pop [20] and consider-
ing the valuesM ¼ Ec ¼ 0 and also c !1. It has been clearly
comprehendible from Table 1 that the numerical data pro-
duced by the current code and those of Xu and Pop [20] are
accurate up to six decimal places and hence justify the use of
the present code for our model.
4. Results and discussions
To visualize the results, numerical computations are per-
formed using the method discussed in the earlier section for
various values of the related parameters, the results of which
are illustrated through graphs and table. The numerical discus-
sions are extended in many directions, but the first one seems
to consider the effects of M, Ec, Pe and c. The theoretical val-
ues of the governing parameters are assumed as Pr ¼ 1:5,
Nr ¼ Nt ¼ Nb ¼ Ec ¼ 0:1; Rb ¼ Gr ¼ Sc ¼ Le ¼ 1:0,
A ¼M ¼ 0:5; c ¼ 2:0, depending upon the previous published
research works, unless otherwise specified. As the flow involves
the above discussed parameters, they must exert some signifi-
cant effects on Cfx, Nu

x, Q

mx and Q

nx. Therefore, an analysis
based on obtained data is offered in Table 2. On that basis,
the remarks can be established below:
It is noticed from the table that whenM increased from 0.0
to 1.2 then Cfx is improved by 3.8% and Q

mx is increased by
12.6% whereas Nux and Q

nx are reduced by 10.9% and
36.2% respectively. So, we can come to a conclusion that with
the growing values of M the frictional drag between the fluid
layers enhances gradually; as an output the rate of heat trans-
fer slows down. Also, the rate of mass transport increases sig-
nificantly but a rate of decrement of self-swimming
microorganism flux is noticeable. In the existence of other
parameters when the c approaches gradually to the isothermal
condition, Cfx is increased by 3.4%, Q

mx is enhanced by
2.04%, and Nux is increased by 35.1% but Q

nx is reduced by
79.7% i.e. c enhances the rate of heat transport significantly
compared to Cfx and Q

mx. Also, it imparts a significant nega-
tive impact on microorganism flux. With the high growth of
Pe from 0.0 to 2.5, it shows negative impact on all the physical
quantities i.e. it reduced Cfx by 23.8%, Q

mx by 4.46%, Nu

x by
5.6% and Qnx by 156%. A huge decrement is observed in casernal magnetic field on bioconvection of a nanofluid flow containing gyrotactic
ttp://dx.doi.org/10.1016/j.aej.2016.11.011
Table 1 Values of Nux, Q

mx and Q

nx for various values of Pr.
Pr Nux Q

mx Q

nx
Xu and Pop [20] Present Xu and Pop [20] Present Xu and Pop [20] Present
0.5 0.346872 0.34689118 1.620260 1.61983352 0.319434 0.31941987
1.0 0.574283 0.57428288 1.802859 1.80285833 0.147219 0.14721928
3.0 1.159426 1.15942580 2.330739 2.33075212 0.311003 0.31099156
5.0 1.563334 1.56331503 2.716197 2.71619820 0.643148 0.64301399
Table 2 Numerical values of Cfx; Q

mx; Nu

x and Q

nx for different values of M; c; Pe and Ec.
M c Pe Ec C

fx Q

mx Nu

x Q

nx
0.0 2.0 1.0 0.1 4.278085 1.809342 0.505812 0.199862
0.2 – – – 4.197360 1.855207 0.496758 0.182145
0.5 – – – 4.179881 1.915329 0.482499 0.161262
1.2 – – – 4.114076 2.037129 0.450641 0.127576
0.5 2.0 1.0 0.1 4.179881 1.915330 0.482499 0.161262
– 3.0 – – 4.140000 1.928354 0.528387 0.126144
– 6.0 – – 4.092592 1.941398 0.583808 0.084045
– 1 – – 4.035418 1.954400 0.652025 0.032710
0.5 2.0 0.0 0.1 3.869446 1.939455 0.489612 0.536774
– – 1.0 – 4.179881 1.915329 0.482499 0.161262
– – 2.0 – 4.578370 1.878312 0.470817 0.163920
– – 2.5 – 4.814350 1.852862 0.462410 0.300410
0.5 2.0 1.0 0.0 4.221961 2.066813 0.522557 0.122787
– – – 0.1 4.179881 1.915329 0.482499 0.161262
– – – 0.2 4.139095 1.767654 0.443693 0.198530
– – – 0.3 4.099507 1.623545 0.406059 0.234666
6 T. Chakraborty et al.of Qnx because as Pe enlarges, the convective heat transport
enhances. As a result the rate of swim of microorganisms
through a volume reduces rapidly. And lastly the impact of
Ec is observed in Table 2. As Ec enlargers from 0.0 to 0.3,
Cfx is enhanced by 2.9%, and Q

nx is increased by 91.1%, butFigure 3 Velocity profile at far field for various values of M.
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
x by 21.4% and 22.3% respectively. With
the increment of Ec the heat dissipation potential falls, and
hence the rate of heat as well as mass transfer declines whereas
the wall friction potential and motile microorganism flux
enhance.
4.1. Velocity profile
Fig. 2 demonstrates the change of the velocity component f 0ðgÞ
for various values of M. The figure conveys that velocity is
reduced asymptotically with the escalating values of M
whereas an opposite effect is observed for the velocity profile
s0ðgÞ at far field region as elucidated in Fig. 3. The physics
behind this fact is, with the increment of M the Lorentz force
enhanced, and this force has a tendency to drag the fluid veloc-
ity near the surface. As a result the friction between the fluid
layers grow, which is reflected in Table 2. Since, we are work-
ing with electrically conducting nano-solid particles within the
fluid medium, the particles are attracted by magnetic flux; as a
result the fluid velocity falls. Fig. 4 represents the influence of
surface convection parameter on the far field velocity compo-
nent s0ðgÞ and the result interprets that with the growing values
of c the distant field velocity component enhances significantly
i.e. the distant field momentum boundary layer width
increases. This happens because our model incorporates the
Brownian motion and thermophoresis. As surface convection
enhanced the random motion between the nanoparticles
increases, as an outcome the velocity enlarges evenly. The
impression of modified Ec on distant field velocity profile isrnal magnetic field on bioconvection of a nanofluid flow containing gyrotactic
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Figure 4 Velocity profile at far field for various values of c.
Figure 5 Velocity profile at far field for various values of Ec.
Figure 6 Temperature profile for various values of M.
Figure 7 Temperature profile for various values of c.
Framing the impact of external magnetic field on bioconvection of a nanofluid flow 7illustrated in Fig. 5 which shows the velocity at distant field
escalating with the growing values of Ec. Ec describes the pro-
portion between the kinetic energy and heat dissipation poten-
tial. Thus increment of Ec makes the sense that kinetic energy
is higher than the heat dissipation potential which leads to the
increment of velocity within the boundary layer. When g 6 5,
the effect is prominent and as g increases the graph of s0ðgÞ
approaches to its boundary condition asymptotically.
4.2. Temperature profile
Figs. 6–8 exhibit the change of temperature profile hðgÞ for sev-
eral values of M, c and Ec. As we noticed in the fallouts ofPlease cite this article in press as: T. Chakraborty et al., Framing the impact of exte
microorganisms with convective boundary conditions, Alexandria Eng. J. (2016), hvelocity profile that M enhances the Lorentz force, which
enlarges the friction drag between the fluid layers, hence the
heat transfer rate across the fluid surface declines; as an out-
come temperature within the boundary layer stagnant hence,
thermal boundary layer width enhances. This outcome is
reflected by Fig. 6. Coexisting with M and Ec the impression
of c on hðgÞ is revealed in Fig. 7. For a fixed nonzero value
of g, dimensionless temperature profile over the flat surface
enhances with the escalating values of surface convection
parameter c. In isothermal situation i.e. as c !1 the result
approaches to the boundary condition asymptotically. c is a
proportion of the hot fluid side convection resistance to the
cold fluid side convection resistance. For fixed cold fluid prop-rnal magnetic field on bioconvection of a nanofluid flow containing gyrotactic
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Figure 8 Temperature profile for various values of Ec.
Figure 9 Concentration profile for various values of M.
Figure 10 Concentration profile for various values of c.
Figure 11 Concentration profile for various values of Ec.
8 T. Chakraborty et al.erties c is directly proportional to hw of hot fluid. As c increases
the thermal resistance of hot fluid side falls and consequently,
the fluid temperature rises. These outcomes support the
numerical fallouts obtained in Table 2 of this current problem.
Thus, the potentially strong convection results in advanced
surface temperature, causing the thermal effect to enter deeper
into the stationary fluid. Fig. 8 conveys that an enhancement in
Ec tends to boost the temperature of the nanofluid within the
boundary; as a result the thermal boundary layer thickness
rises speedily. This is due to the heat energy stored in the nano-
fluid because of the frictional heating.Please cite this article in press as: T. Chakraborty et al., Framing the impact of exte
microorganisms with convective boundary conditions, Alexandria Eng. J. (2016), h4.3. Nanoparticle concentration profiles
Figs. 9–12 illustrate nanoparticle concentration profile /ðgÞ
for various values of M, c, Ec and Pe. It can easily be recog-
nized from Fig. 9 that /ðgÞ gets faster growth with M for
g > 1:8. The physics behind this fact that as magnetic flux
enlarges the metallic nano-solid particles are attracted toward
the boundary. Therefore the concentration distribution esca-
lated. The variation of concentration boundary layer thickness
enhances with the increasing values of surface convection
parameter c for g > 1:2 (not accurately determined) as repre-
sented by Fig. 10. When g 6 2 (approximately) it is visible that
/ðgÞ obtains its highest peak as c approaches to its isothermalrnal magnetic field on bioconvection of a nanofluid flow containing gyrotactic
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Figure 12 Concentration profile for various values of Pe.
Figure 13 Density motile microorganism profile for various
values of M.
Figure 14 Density motile microorganism profile for various
values of Pe.
Framing the impact of external magnetic field on bioconvection of a nanofluid flow 9condition but as g increases the graph of /ðgÞ decays asymp-
totically to satisfy the boundary condition. A similar result
can be observed in case of Ec as described in Fig. 11 i.e. the
concentration boundary layer thickness rises considerably with
the increase of modified Ec, for g > 1:6 (not exactly resolute)
but have no significant effect for g < 1:6 (not exactly resolute).
As Kinetic energy enhances with Ec the random motion of the
between the nanoparticles enhances, and hence the concentra-
tion profile for nanoparticle volume fraction rises. From
Fig. 12 it is indicated the impact of Pe on nanoparticles con-
centration is not noteworthy for g < 1:6 (not exactly resolute)
whereas the thickness of concentration boundary layerPlease cite this article in press as: T. Chakraborty et al., Framing the impact of exte
microorganisms with convective boundary conditions, Alexandria Eng. J. (2016), hincreases slightly with the increasing the values of bioconvec-
tion Peclet number.
4.4. Density of motile microorganism profile
Figs. 13 and 14 represent the density of motile microorganism
profile wðgÞ for various values of M and Pe. Fig. 13 indicates
that wðgÞ enhances with the increasing values of M. This
implies that the motile microorganism boundary layer thick-
ness increases with the enhancement ofM i.e. the Lorentz force
acts as a stimulus to the gyrotactic microorganisms. Due to
Lorentz force the self propelled microorganisms are attracted
and get a tendency to swim near the boundary region; as a
result the microorganism flux grows. Pe is the proportion
between the rate of advection to the rate of diffusion. So, the
increment of bioconvection Pe means that the advective trans-
port rate enhances compared to the diffusion which also
attracts microorganisms near to the boundary; as a result the
self-swimming microorganism flux rises rapidly. Hence the
wall motile microorganism flux escalates with the growth of
Pe. This consequence is found in Fig. 14.
5. Conclusions
In this present article, bioconvection of a nanofluid comprising
gyrotactic microorganisms along a heated expanding sheet
with uniform free stream in coexistence of magnetic field and
convective boundary conditions has been examined. Some
specific conclusions which we have obtained from this study
are highlighted below:
 With the increment of M the momentum boundary layer
thickness, the rate of heat transport and the rate of motile
microorganism flux across the fluid medium reduce. Also,
it can be explained that the velocity at distant field,
nanoparticle concentration, Qmx and C

fx enhance with M .rnal magnetic field on bioconvection of a nanofluid flow containing gyrotactic
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10 T. Chakraborty et al. Ec exerts positive effects on temperature profile, far field
velocity profile, but negative impact is observed in case of
nanoparticle concentration profile. Also it can be verified
that Cfx and Q

nx are enhanced with Ec whereas, the result
is reversed in case of Nux and Q

mx.
 Cfx, Nux , Qmx and Qnx get reduced with the growing values of
Pe but the density distribution for microorganisms and
nanoparticle concentration increases. Also, the far field
velocity, temperature as well as nanoparticle concentration
profile gives positive response to c.
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